Background: Excessive light exposure is a detrimental environmental factor that plays a critical role in the pathogenesis of retinal degeneration. However, the mechanism of light-induced death of retina/photoreceptor cells remains unclear. The mammalian/mechanistic target of rapamycin (mTOR) and Poly (ADP-ribose) polymerase-1 (PARP-1) have become the primary targets for treating many neurodegenerative disorders. The aim of this study was to elucidate the mechanisms underlying light-induced photoreceptor cell death and whether the neuroprotective effects of mTOR and PARP-1 inhibition against death are mediated through apoptosis-inducing factor (AIF).
Background
The death of photoreceptor cells is an important pathological feature of retinal degeneration diseases including age-related macular degeneration (AMD), retinitis pigmentosa (RP), and Stargardt disease that can all ultimately lead to severe vision loss and irreversible blindness [1, 2] . Photoreceptor cells are a specialized type of neuroepithelial cell located in the outer layer of the retina that are capable of visual phototransduction [3] . Photoreceptors are biologically important because they can sense visible electromagnetic radiation light at wavelengths between 400 nm and 700 nm and then transform light signals into nerve impulses that are eventually transmitted from the optic nerve to the brain, thereby forming an image [4] . The initial stage of the visualization process requires photoreceptor proteins in the cell, like rhodopsin and opsin, in order to absorb photons and trigger a change in the cell membrane potential [5] .. However, excessive light exposure may cause severe damage to photoreceptors and has previously been used as a model for investigating retinal degeneration [6, 7] . Excessive light exposure is a detrimental environmental factor and plays a critical role in the pathogenesis of retinal degeneration, especially for AMD [8, 9] . Indeed, excessive visible light exposure is a risk factor for exudative AMD [10] , and intense or sustained light exposure may damage photoreceptors and exacerbate non-exudative AMD [11] . The pathology of AMD features photoreceptor degeneration similar to that observed following intense light exposure in albino rodents. In addition, a clear correlation between light exposureinduced damage and late non-permeable AMD has been demonstrated in various studies [12, 13] . Therefore, animal retinal light damage models are widely used as models of AMD. In RP, the function and structure of normal photoreceptors are greatly compromised due to various gene mutations, although excessive light exposure might represent a secondary problem that accelerates the death of photoreceptors and prompts disease progression [14] . Thus, it is essential to understand the molecular mechanisms underlying retinal light injury when developing therapeutic strategies to mitigate retinal degeneration diseases.
Previous studies have shown that intensive light exposure can produce photothermal, photomechanical, and photochemical damage of the retina [4] . Among these, photochemical damage could play a predominant role in retinal light injury. During this process, light photons are absorbed by the chromophores of photoreceptors, resulting in energy or electron transfer to other molecules that may then cause photooxidative stress [15] . Additionally, retinal pigment epithelial (RPE) cells engulf the photoreceptor outer segment (POS) and phagocytose the shedding POS membranes to maintain the physiological function of photoreceptor cells, which then results in the continuous excessive accumulation of high levels of reactive oxygen species (ROS) [16] . These processes result in physiological reactions, especially after exposure to intensive light, that may ultimately lead to the overload of oxidative-stress in mammalian retinas once the internal anti-oxidative system is compromised. Moreover, excessive ROS may penetrate the nuclear membrane and cause nuclear DNA strand breaks, thereby triggering cell death cascades.
Poly (ADP-ribose) polymerase-1 (PARP-1) is a 116 kDa protein with three main domains: 1) a 42 kDa N-terminal domain with two zinc finger motifs and a nuclear localization sequence for DNA-binding, 2) a central 16 kDa auto-modification domain, 3) a 55 kDa C-terminal catalytic domain containing the NAD-binding site and the poly (ADP-ribose) (PAR)-synthesizing domain [17] . PARP-1 constitutes a DNA base excision-repair system that senses DNA strand nicks and promotes their repair by synthesizing the PAR polymer. In addition, PARP-1 is involved in the regulation of cell homeostasis and maintenance of genomic stability under physiological conditions [18] . However, excessive PAR produced by the over-activation of PARP-1 in the cytoplasm increases mitochondrial outer membrane permeability and induces the release of inner mitochondrial proteins. The synthesis of large amounts of PAR consumes a large amount of intracellular 5′-adenylate triphosphate (ATP) and nicotinamide adenine dinucleotide (NAD + ), resulting in the energetic collapse of cells [19] . A previous study demonstrated that PARP-1 was over-activated in the retina of retinal degeneration 1 (rd1) mice, a geneticmodified animal model that mimics hereditary photoreceptor degeneration, while massive accumulation of PAR was also detected in the nuclei of photoreceptors undergoing programmed death [20] . Other genemodified animal models for evaluating retinal degradation include S334ter and P23H RHO (histidine at position 23 of the rhodopsin gene) rats. In these models, the over-activation of PARP-1 was observed in the retina and was accompanied by increased oxidative stressinduced DNA damage and the accumulation of the PAR polymer [21] .
Dawson et al. defined PARP-dependent death as a unique form of cell death known as parthanatos [22] . The typical symptoms of parthanatos include PARP-1 overactivation, PAR accumulation, nuclear translocation of the mitochondrial protein apoptosis-inducing factor (AIF), and large-scale DNA cleavage. In parthanatos, free PAR polymer or poly (ADP-ribosyl) ated acceptor proteins are produced by the overactivation of PARP-1 and are then translocated to the cytosol and mitochondria where they may lead to externalization of phosphatidylserine and dissipation of the mitochondrial membrane potential. AIF is a mitochondrial intermembrane flavoprotein that is synthesized in the cytoplasm as a 67 kDa precursor containing a predicted mitochondrial localization signal at its N-terminal presequence. During its translocation into the mitochondria, AIF is cleaved at the Met53/Ala54 sites into the mature 62 kDa form that then localizes at the inner membrane with its Nterminal exposed to the matrix and its C-terminal exposed to the intermembrane space [23] . Upon stimulation by death, the mature AIF is further processed to a 57 kDa form [24] . The 101-amino-acid residue presequence segment in the intermembrane space is cleaved off by calpains, cathepsins, or both. Overproduced PAR polymer can bind to AIF or increase mitochondrial outer membrane permeabilization (MOMP), thereby favoring the mitochondrial release of the 57 kDa pro-apoptotic AIF form [25, 26] . The 57 kDa AIF guided by a nuclear localization sequence (NLS) further translocates into the nucleus where it causes large-scale fragmentation of DNA, chromatin condensation, and programmed cell death in a caspase-independent manner.
The mammalian/mechanistic target of rapamycin (mTOR) is a serine-threonine protein kinase found in almost all eukaryotic cells that integrates a variety of signals including growth factor levels, oxygen levels, and nutrient and energy availability, in order to regulate protein synthesis and cell growth [27, 28] . mTOR comprises two complexes: the mammalian target of rapamycin complex 1 (mTORC1) and the mammalian target of rapamycin complex 2 (mTORC2). mTORC1 can respond to various stimuli through the PI3K/Akt/mTOR pathway, although Ras and AMPK are involved in the regulation of the mTORC1 signal [29, 30] . The two major downstream factors of mTOR are eukaryotic initiation factor 4E-binding protein 1 (4EBP1) and the p70 ribosomal S6 kinases (S6K1) that are phosphorylated by activated mTORC1. mTOR can regulate protein synthesis through phosphorylation and inactivation of the repressor of mRNA translation, eukaryotic initiation factor 4EBP1, and the phosphorylation and activation of S6K1 [31] . Accumulating evidence has shown that activation of the mTOR signal is widely involved in various retinal degeneration diseases including diabetic retinopathy and age-related macular diseases [32, 33] . mTOR inhibition may also suppress oxidative stress [34] , improve dysfunctional mitochondria, and protect photoreceptor cells from degenerative death [35] . Although PARP-1 and mTOR are closely involved in the pathogenesis of retinal degeneration, it is not clear if they are functionally linked, especially in the degenerative death process of photoreceptor cells.
The 661 W cell line is derived from mouse photoreceptors via immortalization with SV40-T antigen expression that is controlled by the promoter of the gene coding for the human retinal receptor-binding protein. This cell line has been a useful model for studying photoreceptor biology in vitro since it exhibits the cellular and biochemical characteristics of cone photoreceptor cells. Such characteristics include the expression of photoreceptor-specific proteins, including blue and green cone pigments, transducin, and cone arrestin [36] , but not the proteins specific to retinal pigment epithelial cells. The cell line also serves as a faithful model for photoreceptor cell response to visible light in vitro because they undergo light-induced death as observed in vivo [37] while also exhibiting photoreceptor functions, including retinoid processing. Consequently, the cell line has been widely used to investigate retinal degeneration and neuroprotection in addition to enabling the demonstration of promising therapeutic strategies for these diseases [38] .
Previously, we demonstrated that the death of photoreceptors induced by visible light injury mainly occurs via a PARP-1 dependent, but not caspase-dependent, pathway that is involved in AIF activation [39] . In the present study, we further demonstrate that continuous visible light exposure leads to parthanatos-like death in photoreceptor cells. More importantly, we also show that the mTOR signal may interact with PARP-1 to further regulate parthanatos. In addition, our results indicate that sirtuin-1 (SIRT1) (i.e., NAD + -dependent deacetylase), which regulates intracellular NAD + levels, may play an important role as an intermediate factor by linking the PARP-1 and mTOR signals. Specifically, SIRT1 inhibition may uncouple the signaling loop between PARP-1 and mTOR. Moreover, light-induced parthanatos-like injury of the retina was further verified with in vivo experiments, while neuroprotection by PARP-1/mTOR inhibition was demonstrated by functional and structural analysis of the retina. Overall, the results of this study provide new insight into the mechanisms of photoreceptor cell death and provide a framework for the development of neuroprotective strategies for retinal degeneration diseases.
Materials and methods

Chemicals and reagents
Cell culture media and additives were obtained from the HyClone Company ( antibodies, in addition to secondary antibodies, were obtained from Signalway Technology (St. Louis, MO, USA). Hoechst/PI and EX527 (a SIRT1 inhibitor) were purchased from Beyotime Biotechnology (Shanghai, China). Rapamycin (an mTOR inhibitor) and 3-Aminobenzamide (3AB, a PARP-1 inhibitor) were obtained from Abmole (Beijing, China). All other reagents were acquired from Sigma-Aldrich (Shanghai, China).
Cell culture
The mouse cone photoreceptor cell line 661 W was provided by Dr. Muayyad Al-Ubaidi (University of Oklahoma Health Science Center, Oklahoma, USA). Cell culture medium and all additives were purchased from the HyClone Company (Beijing, China). Cells were maintained in Dulbecco Modified Eagle Medium (DMEM) with 10% fetal bovine serum, 100 IU/mL streptomycin, and 100 IU/mL penicillin. Cells were cultured in a humid atmosphere at 37°C with 95% air and 5% CO 2 . Trypsin digestion with 0.05% trypsin-EDTA was generally conducted on cells for 3-4 days, after which they were passaged at a 1:6 ratio.
Experimental treatments of cells and lighting regimes
Light exposure experiments were performed as previously described [40] . Briefly, 661 W cells were cultured with normal DMEM medium in 6-well or 96-well plates for 24 h. The media were then replaced with sufficient fresh media following light exposure. To maintain consistent culture conditions, the light-exposed cells and control cells incubated in the dark were cultured in the same incubator. A standard 8-watt fluorescent strip light covered with a filter that confined the cells to exposure to the visible spectrum (400-800 nm) was placed 20 cm directly above the plates such that all cells received the same intensity of light exposure (1500 lx), as measured by a digital light meter (TES-1332A, Taipei, China). After the cells were exposed to visible light for 72 h, the experiment was terminated and cells were collected for further analysis. The dark control cell cultures were covered with card hoods that completely prevented light from entering. Cell media were changed every 2 days until the experiment was terminated. For the EX527 treatment conditions, the cells were pretreated with 150 μM EX527 / vehicle for 6 h before the light exposure procedure. The media were then replaced with fresh DMEM media and the cells were cultured under light/ dark conditions for 72 h.
PARP-1/mTOR/AIF knockdown with lentiviral-mediated short hairpin RNA (shRNA)
The lentivirus expressed short hairpin RNA (shRNA) targeting the PARP-1/mTOR/AIF gene was constructed by GeneCopoeia (Shanghai, China), with the lentivirus-mediated scrambled shRNA generated as a negative control. The interfering sequences specifically targeting the PARP-1/mTOR/AIF gene was as follows.
PARP-1 forward sequence: 5′-GATCCGGAGTACATTGTCTACGACAT TTCAAGAGAATGTAGACAATGTACTCTTTTTT GGAATT-3′; mTOR forward sequence: 5′-GATCCGGACACTTGGTTACAGGTTATATTC AAGAGATATAACCTGTAACCAAGTGTCTTTTT TGGAATT-3′; AIF forward sequence:
The lentivirus particles were produced with a thirdgeneration lentivirus packaging system. Briefly, three auxiliary plasmids (pRRE, pRSV-Rev, and pCMV-VSVG) and the core plasmid were transfected into human embryonic kidney 293 T cells (HEK293T) using the Lipo6000 transfection reagent (Beyotime Biotechnology, Shanghai, China). The viral particles were extracted 72 h after transfection, and lentivirus particles were further concentrated. Six hundred sixty one W cells were then infected with virus particles, and polybrene (Beyotime Biotechnology, Shanghai, China) was added to enhance infection efficiency. To avoid virulence, media were replaced with fresh complete DMEM media 24 h later. To obtain the cells that were consistently knocking down the target gene, cells were screened with hygromycin (Sangon Biotech, Shanghai, China) or puromycin (Beyotime Biotechnology, Shanghai, China) at an initial concentration of 8 μg/mL 2 days after infection of viral particles. Two weeks after screening, cells with stable PARP-1/mTOR/AIF knockdowns were obtained, while uninfected cells were killed at 48 h by hygromycin or puromycin treatment [39] .
AIF GFP plasmid construction and transient transfection
Plasmids expressing AIF GFP were purchased from Gene Copeia (Catalog No. EX-Mm06506-Lv122). Briefly, the plasmid (2.5 μg) and Lipo6000 (5 μl) were mixed with 125 μl of serum-free and antibiotic-free media for 5 min each. The mixtures were then combined and incubated for another 20 min, after which they were transferred into culture media with 661 W cells. After incubation for 6 h, the media were replaced with complete fresh media, and the cells were continuously cultured for 24 h. Cells transfected with AIF GFP were then further prepared for light exposure experiments. The nuclear translocation of AIF was observed and photographed with a laser confocal microscope (Olympus FV100) 72 h after light exposure.
Propidium iodide (PI)/Hoechst staining
Hoechst 33258 dye and propidium iodide (PI) were purchased from Beyotime Biotechnology (Shanghai, China). Briefly, cell nuclei were counter-stained with Hoechst 33258 dye (2 μg/mL) at 37°C in the dark for 30 min, after which cells were stained with PI (5 μg/mL) under the same conditions for 10 min. The cells were subsequently observed and photographed using a fluorescence microscope (Olympus, Japan) and the photos were analyzed using the Image J software program (v1.51, NIH, USA). The percentage of cell death was then calculated using the following equation: PI positive cells/total cells × 100.
Separation of cellular fractions
Cellular fractions were separated with a commercial assay kit (Beyotime Biotechnology, Shanghai, China), as previously described [41] . Cytoplasmic protein extraction by adding 200 μl of reagent A containing 1 nM Phenylmethanesulfonyl (PMSF) fluoride to every 20 μl aliquot of cell precipitates and incubating at 4°C for 10 min. Next, 10 μl of reagent B was added and incubated at 4°C for another 1 min. The cell and reagent mixtures were then vortexed and centrifuged at 12,000 g for 5 min, and the supernatant containing the cytoplasmic protein fraction was separated. To further purify the nuclear protein fraction, the precipitate was washed with PBS and centrifuged. Then, 50 μl of nucleoprotein extraction reagent containing 1 nM PMSF was added, and the mixture was vortexed and incubated at 4°C for 30 min. The mixture was then centrifuged at 12,000 g at 4°C for 10 min, followed by removal of the supernatant containing the nuclear protein fraction. The cytoplasmic and nuclear fraction samples were frozen at − 20°C until immunoblotting analysis (Additional file 1: Supplementary Materials and Methods).
Western blot analysis
Cells and retina samples were sonicated in protein lysate buffer, and a bicinchoninic acid assay was used to estimate protein contents. Briefly, an equal amount (20 μg) of cell lysate was dissolved in sample buffer, and samples were boiled for 3 min. Electrophoresis of sample solutions was then performed with 10% polyacrylamide gels containing 0.1% SDS. Proteins were then transferred to nitrocellulose membranes that were subsequently blocked with 5% non-fat dry milk in Tris-buffered saline with 0.1% Tween-20 (TBS-T) for 1 h at room temperature. The blots were then incubated for 3 h at room temperature with the primary antibodies, followed by incubation with the appropriate peroxidase-linked secondary antibodies. Signals were then developed using enhanced chemiluminescence and images were captured microscopically with a CCD camera (Tanon, Shanghai).
Finally, densitometric analysis was performed using the Quantity One software program (Bio-Rad Laboratories).
Animal experiments
All animal experiments were conducted in accordance with the Association for Research in Vision and Ophthalmology Statement for the Use of Animals in Ophthalmic and Vision Research. Eight-week old Male BALB/C57 mice were purchased from the Animal Center of Jilin University (Changchun). Mice were randomly divided into four groups with six individuals in each: control, Lt + vehicle, Lt + rapamycin, and Lt + 3AB. As previously described [39] , the mice were fed in an animal room with a temperature between 21°C and 23°C and kept under a 12 h, 2.5 lx light/dark cycle. Next, 3AB (20 mg/kg body weight) or rapamycin (15 mg/kg body weight) dissolved in physiological saline containing 0.5% DMSO were intraperitoneally administered to mice for seven consecutive days. On the third day of administration, the mice were subjected to a previously described light exposure procedure [39] . Briefly, the pupils of the mice were dilated with 1% atropine eyedrops and the mice were continuously exposed to 7000 lx light for 12 h. After light exposure, the mice were kept in the animal room under a normal light/dark cycle. Retinal function was evaluated by electroretinography (ERG) 5 days later. After ERG evaluation, the mice were sacrificed by excessive injection with sodium pentobarbital (Beijing, China) and the eyeballs were immediately enucleated for morphological analysis and the retinas separated for Western blot analysis.
Electroretinography (ERG)
Retinal function was evaluated using an electroretinogram (Metrovision, Perenchies, France). Dark-adapted (scotopic 0.01) and light-adapted (photopic 3.0 ERG) ERG were performed on all animals before the 3AB/ rapamycin injections to establish baseline values. The ERGs were obtained 5 days after light exposure for the light exposure experimental group. All mice were darkadapted 2 h before ERG analysis, and all preparations prior to measurement were conducted under dim red light. Mice were anesthetized via an intraperitoneal injection of sodium pentobarbital (60 mg/kg body weight) that was sufficient to maintain effective anesthesia for 45-60 min. The pupils were then dilated with a few drops of 1% tropicamide in saline (SINQI, Shenyang, China). Oxybuprocaine (Santen, Jiangsu, China) was then applied topically for corneal anesthesia, and carbomer (BAUSCH&LOMB, Shandong, China) was applied for corneal hydration. The animals were then placed on a heating pad that maintained their body temperatures at 35-36°C throughout the experiment. The ground electrode was a needle inserted subcutaneously into the tail, and reference electrodes were placed subcutaneously in the lower jaw. The active recording electrodes were silver wires placed on the cornea. After setup under dim red light, another 10 min of dark adaptation was allowed before the commencement of measurements. ERG analyses were based on the amplitude measurements of the A-and B-waves.
Retinal histology and retinal thickness measurements
The enucleated eyes were fixed in 4% paraformaldehyde (PFA) for 24 h at 4°C, dehydrated with a serial gradient of ethanol concentrations, and then embedded in paraffin. The entire retina was sliced along the sagittal plane and the sections were stained with hematoxylin and eosin prior to photographing microscopically (Olympus, Japan). The thicknesses of the outer nuclear layers (ONLs) from the optic disc were measured at 500 μm intervals, as previously described [42] . The number of photoreceptor nuclei at a distance of 400-500 μm from the optic disc were quantified with the Image J software program (v1.51, NIH, USA) [43] . Three unrelated participants measured the thicknesses of the ONL and the number of photoreceptor nuclei to ensure the objectivity of the experimental data.
Statistical analyses
Each experiment was repeated at least three times. Data are expressed as the means ± SEM. Differences between means were evaluated using one-way ANOVA tests followed by Bonferroni corrections using the GraphPad software program (statistical significance was set at *: P < 0.05, **: P < 0.01, ***: P < 0.001).
Results
mTOR/PARP-1 knockdown protects photoreceptors against light injury
To assess the roles of mTOR and PARP-1 in the mechanism of light-induced death, 661 W cells with stable mTOR/PARP-1 knockdowns were screened using the lentivirus-mediated shRNA methodology combined with hygromycin or puromycin treatment. The expression of both mTOR and phosphorylated mTOR (p-mTOR) in mTOR-KD cells was remarkably reduced compared with that in scramble or 661 W cells (Fig. 1a ). Consistent with this, downstream factors of the mTOR signal, phosphorylated 4EBP1 (p-4EBP1), and phosphorylated S6K1 (p-S6K1) also exhibited clear down-regulation. Further, the expression of PARP-1 and its product PAR was markedly decreased in PARP-1-KD cells compared with that in scramble or 661 W cells (Fig. 1b) . These results suggest that cell lines with stable mTOR/PARP-1 knockdowns were successfully established. The role of mTOR-KD or PARP-1-KD in light exposure-induced damage was then further evaluated. mTOR-KD or PARP-1-KD cells were exposed to 1500 lx visible light for 72 h and cell mortality was quantitatively determined by Hoechst/ PI staining. After 72 h of 1500 lx light exposure, nearly 68.53% ± 2.53 of the 661 W cells and 63.85% ± 2.49 of the scramble cells had died ( Fig. 1c-f ), representing significantly greater dead cells than the dark control treatment. However, knockdown of mTOR/PARP-1 corresponded with remarkable protection against light injury, with significantly reduced cellular mortalities of 32.68% ± 2.79 in mTOR-KD cells and 33.73% ± 2.67 in PARP-KD cells. Thus, these findings indicate that mTOR and PARP-1 play important roles in the mechanism of visible light-induced death in photoreceptor cells.
PARP-1 and mTOR are activated and interact in light exposure-induced damage
After visible light exposure of 1500 lx for 72 h, p-mTOR levels were significantly up-regulated ( Fig. 2a-e ), and the p-mTOR/mTOR ratio markedly increased in the scramble cells compared to dark control cells. Moreover, the levels of both p-S6K1 and p-4EBP1, which are downstream factors of the mTOR signal, were also significantly up-regulated. However, PARP-1 knockdown significantly suppressed the activation of the mTOR signal caused by light exposure, leading to a significant reduction in the p-mTOR/mTOR ratio in addition to levels of p-S6K1 and p-4EBP1 compared to scramble cells. Similarly, 72 h of light exposure resulted in significant activation of the PARP-1 signal, as indicated by a remarkable increase in the levels of both PARP-1 and its product PAR in scramble cells compared to dark control cells ( Fig. 2f-i ). In addition, the downstream factor in parthanatos, the 57 kDa active form of AIF, was detected in light-exposed cells. However, mTOR knockdown abolished the activation of the PARP-1 signal, leading to a significant reduction in the levels of both PARP-1 and its PAR product relative to scramble cells. Interestingly, AIF activation was also suppressed by mTOR knockdown, as indicated by a reduced 57 kDa AIF form in mTOR-KD cells, even under light exposure conditions. Taken together, these results suggest that the PARP-1 and mTOR signals are both activated by light exposure, and there is crosstalk between the signals.
Visible light exposure leads to parthanatos in photoreceptor cells
During parthanatos, over-produced PAR results in the permeabilization of the outer membrane of mitochondria, thereby promoting the release of the 57 kDa active AIF and its subsequent nuclear translocation. To confirm the cell death mechanism, the role of AIF as the executor in parthanatos was further evaluated in light exposure-induced cell death. We first screened 661 W cells with stable AIF knockdowns. The expression of AIF was efficiently suppressed by lentivirus-mediated specific shRNA relative to scramble cells (Fig. 3a) . More importantly, PI/Hoechst staining demonstrated that AIF knockdown significantly reduced cell death prevalence when compared to scramble cells after exposure to 1500 lx light for 72 h (38.23% ± 2.65 in AIF-KD cells vs 63.85% ± 2.49 in scrambled cells) (Fig. 3b) . These results indicate that AIF plays an important role in lightinduced death of photoreceptors. We therefore verified the nuclear translocation of AIF caused by light exposure with a cellular fraction assay. The active form of AIF was clearly detected in the nuclear fraction of scramble cells at 72 h after 1500 lx light exposure (Fig. 3d, e ), and significant up-regulation was observed in those cells compared to dark-incubated control cells. Similar observations were made for 661 W cells (Fig. 3f ). Moreover, mTOR and PARP-1 knockdowns were both able to significantly suppress the up-regulation of the 57 kDa AIF due to light exposure in the nuclear fraction when compared to scramble cells. However, AIF knockdown did not influence the levels of PARP-1 and mTOR signals (Fig. 3c ), indicating that both PARP-1 and mTOR are upstream factors of AIF. However, the levels of 57 kDa AIF in the nuclear fraction were more significantly reduced by PARP-1 knockdown rather than mTOR knockdown ( Fig. 3d, e ), suggesting that PARP-1 may be a direct factor in the regulation of AIF activation, while mTOR could be an indirect factor. We also evaluated the nuclear translocation of AIF using a fusion protein methodology with a plasmid expressing AIF GFP . The AIF-GFP was primarily located in the cytoplasm under dark-incubation treatments, resulting in green-colored cytoplasms (Fig. 3g ), while AIF clearly translocated into Fig. 1 mTOR/PARP-1 knockdown protects photoreceptor cells against light injury. a, b 661 W cells were transfected with specific shRNAs targeting mTOR/PARP-1 genes, and cell lysates were analyzed by Western blot. β-ACTIN was used as an internal control. Scramble: cells were transfected with scrambled shRNA as a negative control; mTOR KD: cells with mTOR knockdown; PARP-1 KD: cells with PARP-1 knockdown. c, e Cells were exposed to 1500 lx light for 72 h and cell mortality was determined by PI/Hoechst staining. Scale bar = 100 μm. d, f Quantitative analysis of cell mortality. Lt: light exposure for 72 h. All experiments were repeated in triplicate, and the results are shown as the means ± SEM (n = 3, ***: P < 0.001, ns: not statistically significant) nuclei after exposure to 1500 lx light for 72 h, as indicated by light-blue fluorescence in Hoechst-stained nuclei. Taken together, these results suggest that visible light exposure leads to parthanatos-like death in photoreceptors and that mTOR and PARP-1 may function as upstream factors of AIF to regulate the death process cascade.
PARP-1 and mTOR interact via SIRT1
PARP-1 and SIRT1 have the potential to compete for the same NAD + substrate. However, SIRT1 is an NAD +dependent protein deacetylase that limits the availability of NAD + and could be a key link between PARP-1 and mTOR. To assess the role of SIRT1 in PARP-1 and mTOR crosstalk, we interrupted the PARP-1 and mTOR signal loop with a specific inhibitor of SIRT1. Light exposure led to significant suppression of SIRT1 compared to dark control cells (Fig. 4a) , while PARP-1/mTOR knockdown attenuated the suppression of SIRT1. Consistent with Western blot analyses (Fig. 4a ), mRNA levels of SIRT1 remarkably decreased in light-damaged 661 W cells compared with control cells (Additional file 2: Figure S1 ). Further, PARP-1 knockdown significantly abolished the activation of the mTOR signal caused by light exposure (Fig. 4b) , resulting in reduced p-mTOR/ mTOR values and expression of p-S6K1 and p-4EBP1 compared to scramble cells. Treatment with 150 μM of EX527 remarkably mitigated the PARP-1 knockdowninduced suppression of the mTOR signal, with increased levels again in p-mTOR/p-S6K1/p-4EBP1 after light exposure compared to untreated PARP-1 KD cells. Similarly, mTOR knockdown resulted in the inactivation of PARP-1 after light exposure (Fig. 4c ), leading to significantly reduced PARP-1 and PAR levels compared to Figure S2 ). More importantly, treatment with 150 μM EX527 significantly lessened the protection caused by mTOR knockdown following light exposure, as evinced by increased cell mortality from 32.5% ± 1.66 to 45.15% ± 2.65 in the EX527 treatment. Similarly, PARP-1 knockdown-induced protection after light exposure was also lessened by treatment with 150 μM EX527, as indicated by an increase in cell mortality from 30.3% ± 1.83 to 42.62% ± 3.32 in the EX527 treatment. Under normal cell culture conditions, treatment with EX527 had no effect on the rate of cell death (Fig. 5 ). Thus, these findings suggest that SIRT1 is an important intermediate factor involved in crosstalk between the PARP-1 and mTOR signals.
The PARP-1 and mTOR pathways are activated and interact in light-injured retina
To explore the roles of PARP-1 and mTOR in the mechanisms underlying retina light injury in vivo, a lightdamaged mouse model was established and light-injured retinas were prepared. After exposure to 7000 lx light for 12 h, the mTOR signal was significantly activated in the retina (Fig. 6) , with an obviously increased p-mTOR/ mTOR ratio, in addition to increased p-4EBP1 and p-S6K1 expression in the light-treated group compared to the control group. As the critical factors in parthanatos, PARP-1 and PAR were also activated following light exposure with prominent increases in protein levels compared to controls. Moreover, as the downstream factor of PARP-1 in parthanatos, the 57 kDa active form of AIF was detected in light-treated retinas. The interactions between PARP-1 and the mTOR signal were further investigated in vivo using their inhibitors. The intraperitoneal administration of the PARP-1 inhibitor 3AB suppressed activation of the mTOR signal caused by light exposure, leading to a significant reduction in the levels of p-mTOR/mTOR ratios, as well as the expression of p-4EBP1 and p-S6K1 (Fig. 6) . Moreover, light exposure-induced activation of AIF was remarkably suppressed by PARP-1 inhibition. Similarly, intraperitoneal injection of the mTOR inhibitor, rapamycin, resulted in significant down-regulation of PARP-1 and PAR compared to levels in vehicle-treated retinas following light exposure. The inhibition of mTOR also led to the inactivation of AIF in the light-exposed retinas, as noted by significantly reduced levels of the 57 kDa AIF. Thus, these results suggest that light exposure induces parthanatos-like injury in the retina and that mTOR may interact with PARP-1 to regulate parthanatos progression.
mTOR/PARP-1 inhibition protects the retina against light damage
The neuroprotective effects of mTOR/PARP-1 inhibition in light injured retinas was further evaluated using full Fig. 5 SIRT1 inhibition inhibits the protection induced by mTOR/PARP-1 knockdown against light injury. a 661 W cells were pretreated with 150 μM EX527/vehicle for 6 h and cultured with fresh medium under normal conditions for 72 h. Cell mortality was then quantified by PI/Hoechst staining. b, c Cells with mTOR/PARP-1 knockdowns were pretreated with 150 μM EX527/vehicle for 6 h and exposed to 1500 lx light while culturing with fresh medium for 72 h. Cell mortality was quantified by PI/Hoechst staining. mTOR KD: mTOR knockdown; PARP-1 KD: PARP-1 knockdown; Lt: light exposure for 72 h; EX527: SIRT1 inhibitor. Scale bar = 100 μm. All experiments were repeated in triplicate, and the results are shown as the means ± SEM (**: P < 0.01, ns: not statistically significant)
retinal ERG analyses. Exposure to 7000 lx light for 12 h led to severe damage to retinal function (Fig. 7) , as noted by a significant reduction in A-and B-wave values in ERG. However, intraperitoneal administration of 3AB (20 mg/kg) or rapamycin (15 mg/kg) significantly attenuated A-and B-wave amplitude decreases relative to the vehicle light-treated group. To further evaluate the structurally protective effects of the above, the thicknesses of the outer nuclear layers (ONLs) were evaluated with H&E staining. ONL thickness in the retinas from vehicle-treated mice following light exposure was significantly reduced compared to control mice (Fig. 8) . Moreover, H&E staining revealed that the entire retina structure was disordered, with significant irregular arrangements in the ONL. Further, quantitative analysis revealed that the number of photoreceptor nuclei was significantly reduced and that the tight packing of photoreceptor nuclei was disrupted and replaced by loose and disordered nuclei structures. However, treatment with 3AB (20 mg/kg) or rapamycin (15 mg/kg) significantly mitigated light-induced damage to the structure of the retina, as indicated by increased ONL thicknesses and abundances of photoreceptor nuclei compared to the vehicle light-treated group. Taken together, these results suggest that PARP-1/mTOR inhibition provides remarkable protection of retinas against light injury.
Discussion
PARP-1 is a nuclease and critically functions to sense DNA damage and maintain nuclear DNA homeostasis [44] . As PARP-1 detects DNA breaks, it binds to the DNA and synthesizes PAR polymers that act as signals to activate other DNA-repairing enzymes [45] . Severe damage to DNA can lead to increases of over 500-fold in PARP-1 activity to synthesize a large amount of PAR polymers via oxidation of NAD + and considerable ATP consumption [46] . However, the over-activation of PARP-1 can lead to parthanatos that is also known as PARP-1-dependent cell death [24] . Parthanatos is characterized by the accumulation of PAR, nuclear translocation of AIF from the mitochondria, and is involved in various retinal degeneration diseases. Donovan et al. found that the levels of intracellular calcium, superoxides, and mitochondrial membrane depolarization increased in BALB/C mice that were exposed to cool white fluorescent light at a luminescence of 5000 lx for 2 h, although caspase-3 was not activated [47] . Further, Paquet-Durand et al. found that the death of photoreceptor cells in RP rd1 mice was closely related to AIF nuclear translocation and oxidative DNA damage [20] . Accordingly, parthanatos might play an important role in the progression of retinal degeneration. In our previous studies, we found that caspase activation was not necessary during light-induced death of photoreceptor cells since Z-VAD-fmk, a pancaspase inhibitor, failed to protect photoreceptor cells from light injury. Concomitantly, PARP-1 inhibitors imparted protection, suggesting that light exposure leads to caspase-independent cell death [39] . In the current study, we further demonstrated that light exposure caused AIF activation and translocation of active AIF into the nucleus. In addition, the knockdown of PARP-1 clearly blocked the nuclear translocation of AIF. Both PARP-1 and AIF knockdown protected photoreceptor cells against light damage, significantly reducing cell mortality. Thus, we conclude that light-induced death in photoreceptors occurs via the parthanatos pathway that is PARP-and AIF-dependent. Consistently, we also observed the activation of AIF in vivo in the light-damaged retina of mice, while the PARP-1 inhibitor was able to mitigate the activation of AIF and significantly protect the retina against light injury.
Moreover, we found that light exposure caused marked activation of mTOR signals in photoreceptor cells. mTOR is a serine/threonine protein kinase that integrates a number of cellular pathways involving transcription, maturation, proliferation, and survival. mTOR activity is modulated through phosphorylation of its specific residues in response to alteration of nutritional status, mitogens, and other stimuli [27, 28, 48] . Increasing evidence indicates that the mTOR signal is involved in a variety of neurodegenerative diseases ranging from those affecting the central nervous system to eyes. However, the role of mTOR in neuroprotection is unique in that it can have both positive and negative effects. In Parkinson's disease, mTOR inhibition may provide cytoprotection for post-mitotic neurons that attempt to enter the cell cycle [49] . Rapamycin offers neuronal protection in Parkinson's disease models that is believed to function through the preservation of phosphorylation of Protein kinase B (Akt) at Thr308, thereby promoting cell survival [50] . Conversely, other studies have shown that mTOR activation protects degenerative neurons. In Alzheimer's disease, rapamycin treatment may exacerbate amyloid toxicity [51] . Further, mTOR and p70S6K1 pathway activation can protect inflammatory cells responsible for Aβ sequestration, microglia, from the toxic effects of Aβ exposure [52] . Additionally, mTOR is important for axonal regeneration in glaucoma and traumatic optic neuropathy wherein the deletion of the Phosphatase and Tensin Homolog (PTEN), a negative regulator of mTOR, promotes robust retinal ganglion cell (RGC) axon regeneration within the injured optic projection [53] . In the current study, mTOR inhibition played a protective role in light-damaged photoreceptors both in vitro and in vivo. When mTOR was knocked down, we observed a remarkable decrease in 661 W cell mortality due to light exposure. Further, rapamycin treatment significantly mitigated light-induced Both PARP-1 and mTOR suppression are able to protect photoreceptors against light damage, and thus the potential crosstalk between the two signals and possible intermediate factors were further investigated. Knockdown of PARP-1 reduced the ratio of p-mTOR/mTOR and the levels of p-S6K1 and p-4EBP1. Similarly, mTOR knockdown caused obvious reductions in the levels of PARP-1 and PAR under light exposure conditions. These results suggest that there is indeed a close interaction between PARP-1 and mTOR signals and that the inhibition of PARP-1 or mTOR may reciprocally suppress the light-induced activation of the signal, although there is no upstream or downstream relationship between the two signals. To further investigate the crosstalk between PARP-1 and mTOR signals, we focused on SIRT1, which is a key enzyme that regulates the cellular NAD + pool and could function as an intermediate factor connecting both the PARP-1 and mTOR signals.
Sirtuins are a family of NAD + -dependent protein deacetylases with key metabolic roles [54] . In addition, PARP-1 is an NAD + -dependent enzyme that potentially competes with restricted NAD + substrates. PARP-1 utilizes NAD + as a substrate to transfer ADP-ribose to the receptor protein during DNA break repairs [55, 56] . However, over-activation of PARP-1 results in almost complete depletion of NAD + and ATP pools, which may greatly influence SIRT1 activity [57] [58] [59] . This observation led to the hypothesis that sirtuin and PARP activities might compete for a common NAD + pool, as proposed by Zhang et al. [60] . In addition, the intracellular levels of NAD + may also regulate both the expression and activity of SIRT1 through substrate availability. Jadeja et al. reported that the highly specific nicotinamide phosphoribosyltransferase (NAMPT) inhibitor, FK866, led to a dose-dependent decline in NAD + content within cultured RPE cells, while the expression and activity of SIRT1 was also reduced in a dose-dependent manner [61] . In this study, light exposure led to severe photooxidative stress in 661 W cells. The excessive ROS could penetrate nuclear membranes, resulting in DNA breaks. PARP-1 acts as a nuclear enzyme responding to DNA damage by producing a large number of PARpolymers while using NAD + as a substrate. Overproduction of PAR-polymers may result in decreased NAD + levels or NAD + deficiencies that further suppresses the expression of SIRT1. Accordingly, we observed increased levels of PARP-1, but decreased levels of SIRT1, in lightdamaged 661 W cells. In contrast, PARP-1 knockdown suppressed the excessive generation of PAR and abrogated NAD + depletion in 661 W cells after light exposure, thereby resulting in recovery of SIRT1 levels and its associated deacetylase activity. These results are consistent with those of Bai et al. that reported PARP-1 transcription depletion increases NAD + content and SIRT1 activity in the brown adipose tissues and muscles of PARP-1 −/− mice. In addition, the pharmacologic inhibition of PARP in vitro and in vivo causes increased NAD + levels and SIRT1 activities [62] . mTOR signaling is a primary regulator of cellular metabolism and thus may also significantly influence cellular NAD + contents, thereby indirectly regulating the expression and activity of SIRT1. In the present study, mTOR knockdown led to a re-increase of SIRT1 levels and activities in 661 W cells after light exposure, consistent with previous studies. Zhang et al. reported that rapamycin treatment could significantly recover cellular NAD + /NADH levels and increase the expression and activity of SIRT1 in order to delay the senescence of high glucose-inducing mesangial cells [63] . In addition, Back et al. demonstrated that mTOR activation caused phosphorylation of SIRT1 at the serine47 site, resulting in the inhibition of SIRT1 deacetylase activity in human squamous cell carcinoma (SCC) cells, although the pharmacologic and genetic inhibition of mTOR restored SIRT1 deacetylase activity [64] .
To further understand the connection among PARP-1, SIRT1, and mTOR, we disrupted the signal loop by using a specific inhibitor of SIRT1, EX527. Treatment with EX527 remarkably abrogated the PARP-1 knockdown-induced decrease of p-mTOR/mTOR levels, while re-increasing p-mTOR/ mTOR levels after light exposure. Similarly, PARP-1 signal suppression from mTOR knockdown was also significantly abolished by EX527 treatment, resulting in increased PARP-1 and PAR levels. Additionally, the protection afforded by PARP-1 and mTOR knockdown against light injury were markedly attenuated by EX527 treatment. Consequently, we concluded that SIRT1 is an important intermediate factor in the crosstalk of PARP-1 and mTOR and negatively regulates their signals. The negative regulation of SIRT1 on PARP-1 and mTOR signals has been previously reported. Rajamohan et al. demonstrated that both overexpression of SIRT1 and activation of SIRT1 with resveratrol (RSV), a SIRT1 agonist, led to the deacetylation of PARP-1 in rat cardiomyocytes [58] . Further, Cantó et al. demonstrated that SIRT1-mediated deacetylation blocks the catalytic activity of PARP-1 [65] . In addition, Ghosh et al. showed that SIRT1 knockout caused elevated mTOR activity in HeLa cells and mouse mouse embryonic fibroblasts (MEFs). Moreover, Ghosh et al. observed that activating SIRT1 with RSV led to the inhibition of mTOR signals in response to specific stimuli, such as hormones or low energy availability. More importantly, the SIRT1 activator RSV was unable to inhibit S6K1 phosphorylation in the absence of Tuberous sclerosis complex 2 (TSC2), indicating that the inhibition of mTORC1 activity by SIRT1 is TSC2-dependent. It is thus possible that TSC2 may be acetylated in response to stress or growth conditions and is regulated by the deacetylase activity of SIRT1 [66] .
Conclusions
These results demonstrate for the first time that light exposure leads to parthanatos-like death in photoreceptors and that mTOR may regulate PARP-1-dependent cell death via SIRT1. Parthanatos-like death of photoreceptors due to light exposure may be initiated by photooxidative stress. Excessive ROS may penetrate the nuclear membrane, resulting in DNA breaks that further lead to the over-activation of PARP-1. To repair damaged nuclear DNA, PARP-1 produces a large amount of PAR polymers accompanied by the massive consumption of cellular NAD + and ATP. PAR polymers result in increased mitochondrial permeability of the outer membrane and nuclear translocation of AIF, which further leads to large-scale fragmentation of DNA and cell death. However, further investigation is needed to determine how light exposure activates mTOR and the close connections among PARP-1, SIRT1, and mTOR signals require further elucidation. Overall, the results of this study provide new insight into the molecular mechanisms underlying photoreceptor/retina light injury. Importantly, these insights will facilitate the development of promising neuroprotective strategies for future clinical treatment of light injury-related retinal degeneration diseases.
the results are shown as the means ± SEM (***: P < 0.001). Figure S2 . PARP-1 / mTOR knockdown caused up-regulation of SIRT1 activity, while EX527 treatment reduced it. Cells were pretreated with 150 μM EX527/vehicle for 6 h and the cultures in fresh media were then exposed to 1500 lx light for 72 h. SIRT1 activity in the nuclear extracts was measured using the Epigenase Universal SIRT Activity Assay Kit, since SIRT1 mainly locates in nucleus. Scramble: cells were transfected with scrambled shRNA as negative controls; mTOR KD: cells with mTOR knockdown; PARP-1 KD: cells with PARP-1 knockdown; Lt: 1500 lx light exposure for 72 h; EX527: a SIRT1 inhibitor. All experiments were repeated in triplicate and the results are shown as the means ± SEM (**: P < 0.01, ***: P < 0.001) 
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